Purpose -The purpose of this paper is to develop a model that incorporates the effect of rejection cost on optimal maintenance planning decisions. Such a model will help in further modelling the interrelationships between preventive maintenance and quality control policy. Design/methodology/approach -In this paper a model is developed for obtaining optimal preventive maintenance interval based on block replacement policy to incorporate the effect of rejection cost. An illustrative example is presented to compare economic performance of the proposed model (M2) and the conventional model (M1). Model M1 stands for optimal preventive maintenance interval without considering the rejection cost and model M2 stands for optimal preventive maintenance interval considering the rejection cost. The comparison is done for different production rates, costs of rejection and cost of lost production. The impact of control chart parameters on preventive maintenance decision is also studied. Findings -In this paper it is found that model M2 gives better results as compared to model M1. The improvements are more significant at higher production rate, lower cost of lost production and higher rejection cost. The impact of control chart parameters on preventive maintenance planning decision becomes significant as the cost of rejection increases. Research limitations/implications -Conventionally only the down time cost and the cost of repair/replacement are considered for optimal maintenance interval determination. However in the case of machine tools, failure may not always bring the system immediately under complete breakdown but may lead to the functioning of system with degraded performance like process shift from in-control state to out-of-control state. It results into poor quality and thus may lead to higher rejection cost. The cost of rejections may be significantly high in some production systems and, if not incorporated properly during maintenance planning decision may adversely affect the effectiveness of the maintenance planning. Hence the approach presented in this paper gives a better way of maintenance planning. Though the work presented here is illustrated through a simple example considering a single component operating as a part of machine, the approach can be extended to multi-component system. Originality/value -The outcome is of significant value as it opens up a new perspective into the development of integrated model for maintenance planning and quality control decisions for reducing the operating costs associated with the manufacturing processes.
Introduction
In the present era of increasing international competition, companies are under pressure to meet customer demand while keeping their operational costs low. Maintenance costs contribute significantly to the total operational costs of a manufacturing organization. Depending on the specific industry, it may vary between 15 and 60 per cent of the cost of goods produced (Barabady, 2005) . Most physical products and systems wear, tear and deteriorate with age and usage. However, due to cost and technological considerations, it is almost impossible to design a system that JAMR 7,2 220 is maintenance free (Kumar, 2008) . This led the research community to allocate considerable efforts on optimizing the maintenance actions on production processes. Effective maintenance planning models have now become key requirements of the organizations. The literature is full of numerous maintenance models based on various maintenance policies that have been analysed by researchers using various assumptions and cost structures. A review of such models is provided in Misra (2008) , Wang (2002) and Garg and Deshmukh (2005) .
Like maintenance, quality control is also one of the important shop floor functions. Under the total quality management philosophy, quality can no longer be inspected in to the product. The final inspection is being moved to the process level through adequate process control techniques. Consequently, defects and variations are eliminated at their source. Control chart methods are generally used for the purpose of controlling the quality of product and determining the state of the production process. The design and development of control charts has received tremendous amount of attention in the literature, and control charts have been widely and successfully used in industry (Duncan, 1956; Keats et al., 1997; Chen and Tirupati, 1997) .
The role of machine condition in maintaining product quality and reducing rejection cost is more important than ever. Inconsistencies in production machines may result in excessive variability in the products, resulting in defective outputs and, in turn; large rework and scrap costs. Proper maintenance action can help in reducing the machine variability and thus help in maintaining the product quality. Ben-Daya and Duffuaa (1995) and Pandey et al. (2007) have emphasized on recognizing the strong relationship between process quality and equipment maintenance. Kuo (2006) has studied joint machine maintenance and product quality control problem of a finite horizon discrete time Markovian deteriorating, state unobservable batch production system to minimize the total expected discounted system cost. Linderman et al. (2005) have demonstrated the economic benefits of coordinating process control and maintenance decision policies. Ben-Daya and Rahim (2000) have provided an integrated model for joint optimization of the maintenance level and the economic design of X-control chart to minimize the total expected cost. Cassady et al. (2000) have defined a strategy for monitoring and controlling a manufacturing process through the simultaneous implementation of X-control chart and age-replacement policy. Panagiotidou and Tagaras (2007) have proposed an economic model for the optimization of preventive maintenance interval in a production process with two quality states. In general, despite the strong interrelationship between maintenance and quality, these two aspects have been dealt separately in the literature. Therefore, there is a need for developing models that capture the interdependency between these two aspects in a production system. Lad and Kulkarni (2008) have clearly defined the failure of machine tool as any event that either brings the machine down or leads to poor performance like increase in producing higher rejections. This means that if failure occurs, it is not necessary that it always stops the machine immediately but it may also adversely affect the quality of the product being manufactured on the machine. For example, in case of a computer numerical controlled (CNC) grinding machine if work head belt is broken, then it will stop the machine completely, while if loosening of ball screw chuck nut occurs, then it does not stop the machine completely but may result into ovality of the component produced. It is therefore necessary to consider these types of failures, and corresponding failure costs in maintenance planning decisions which may vary from situation to situation. For example, if a machine is a bottleneck machine in the production line or is used for machining costly jobs, then the cost of lost performance Optimal maintenance interval 221 in terms of downtime and rejections will be higher than that of the machine which is a non-bottleneck machine or used for machining a cheaper job. The main objective of this paper is to study the effect of rejection cost on maintenance planning decision. In order to achieve that objective, a model is developed for obtaining optimal preventive maintenance interval based on block maintenance policy to incorporate the effect of rejection cost. In the block preventive maintenance policy, a unit is preventively maintained at fixed time intervals kT (k ¼ 1, 2, . . .) independent of the failure history of the unit and repaired at intervening failures where T is constant (Barlow and Hunter, 1960) .
An illustrative example is presented to demonstrate the approach used to determine optimum preventive maintenance schedule considering the rejection cost and the same is compared with the optimal preventive maintenance schedule obtained without considering the rejection cost. Three different scenarios based on different rejection costs and costs of lost production for various production rates are considered. The effect of control chart parameters on preventive maintenance decision is also examined.
The remainder of the paper is structured in the following manner. Section 2 presents the problem description in detail. Section 3 explains the model development. In section 4, through a numerical example, the effectiveness of the proposed model is illustrates by comparing it with the results from the conventional models, following by managerial implication, concluding remarks and further work opportunities.
Notations used: 
Problem description
Consider a single component operating as a part of machine. The component has a time to failure distribution which is assumed to be Weibull with a shape parameter greater than 1 and scale parametre . The component can fail due to two possible competing failure consequences: FC1 and FC2. Failure consequence 1 (FC1) immediately brings the machine under break down indicating total failure. Failure consequence 2 (FC2) denotes the degradation in the component's functionality manifested in terms of reduced quality of the products being manufactured on the machine. Detection of FC2 is not immediate; it has a time lag, during which the machine keeps operating at increased rejection levels as compared to the normal operation. Initially, the production process is assumed to start in an in-control state. The quality characteristic is assumed to be a normally distributed continuous random variable with target process mean as 0 and process standard deviation p . It is further assumed that the manufacturing process is such that the process standard deviation does not change. However, the process mean is subject to one type of instantaneous shift, and this particular type of shift can be attributed to the equipment failure, i.e. FC2. Once FC2 occurs, the process mean shifts from its target value 0 to 1 ¼ 0 AE p and the process is said to be out-of-control. It is assumed that the out-of-control operation is not directly observable and therefore, a control chart is used to monitor the quality characteristics. In this paper, an X X-control chart has been considered for this purpose. Whenever a quality shift occurs due to a machine failure, maintenance action is performed in order to restore the equipment to the in-control state. Apart from FC2, machine may also fail at any point of time due to FC1 which is again restored by a corrective maintenance action.
Apart from the above corrective actions, the machine can under go preventive maintenance to minimize the unplanned downtime losses. The cost of corrective maintenance is generally many times higher than the cost of preventive maintenance. Thus it is advisable to obtain an optimal preventive maintenance interval that minimizes the cost per unit time (CPUT) of the maintenance activity. This can be mathematically represented as:
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The optimal preventive maintenance interval for a component will be that value of ''T'' at which the CPUT is minimum. The number of corrective maintenance actions ðN CM Þ can be obtained by simulating component failures for a given planning period. It can also be calculated analytically in some cases. For example, Kardon and Fredendall (2002) have developed analytical models to calculate number of failures.
Conventionally, only the down time cost and the cost of repair/replacement is considered as the cost of corrective maintenance. As mentioned earlier, the failure of a machine also includes quality degradation reflected in terms of rejection of product being manufactured by the machine. Thus the cost of corrective maintenance not only includes the down time losses and repair/replacement cost, but also the cost of rejection. The cost of rejection may vary depending upon the type of the production system. If the cost of rejection is very high then it directly increases the cost of corrective maintenance compared to preventive maintenance which will pre-pone the maintenance period. Therefore it is seems logical to include the cost of rejection in maintenance planning.
The main aim of this paper is to examine the effect of the rejection cost in preventive maintenance planning. Two models have been considered to study these effects:
(1) Model M1: Expected total cost model based on independent models for calculating maintenance and rejection costs.
(2) Model M2: Expected total cost model based on integrating rejection cost in the optimal maintenance model.
Since the cost of rejection also depends on the control chart policy influenced by the control chart parameters. It seems relevant to study the effect of these parameters on the maintenance planning decisions. The model is illustrated through a numerical example. The effect of rejection cost and control chart parameters on maintenance planning decisions are investigated for different production rates, cost of lost production per units and cost of rejection per units.
Model development
In order to see the effect of production rate, cost of rejection per job and cost of lost production per job, the corrective maintenance and preventive maintenance cost must be expressed in terms of these parameters. In this paper, the cost of corrective maintenance and preventive maintenance is computed on the basis of following information:
(1) To estimate the expected cost of corrective maintenance, the analyst must provide the following information:
.
The amount of time that the equipment is expected to be down each time corrective maintenance is required. This can include the time to perform the maintenance as well as any logistical delays (i.e. waiting for labour and/or materials required).
. The cost of corrective maintenance including the downtime, labour, materials and other costs.
. The degree to which the equipment will be restored by corrective maintenance (e.g. ''as good as new'', ''as bad as old '', etc.) . This is quantified in terms of a restoration factor. JAMR 7,2
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. The probability that the equipment will fail due to a particular failure consequence.
. The cost of rejection if failure of a machine component results in to higher rejection rate.
(2) To estimate the expected cost of preventive repair/replacement following information is required:
The amount of time that the equipment is expected to be down every time preventive maintenance is performed.
. The cost of preventive maintenance action.
. The degree to which the equipment is restored by preventive maintenance action.
3.1 The details of the two models considered in this paper Model 1 (M1). Expected total cost model based on independent models for calculating maintenance and rejection costs.
In conventional maintenance models, CPUT is calculated based on cost of repair/ replacement and downtime cost. In such models, the expected cost per corrective maintenance action can be expressed as:
The expected cost per preventive maintenance action of a component can be expressed as:
Thus, the expected annual total cost of maintenance action during planning period can now be expressed as:
where N PM ¼ T=TBM ; and TBM is the time between maintenance. Thus CPUT for the planning period becomes:
Even though the cost of rejection is not considered in model M1 for determining the optimal preventive maintenance interval, it will still be incurred separately during production. The cost of rejection can be calculated as follows: Initially the process is assumed to operate in an in-control state. The process will shift to an out-of-control state due to the occurrence of an assignable cause. To detect Optimal maintenance interval 225 the process shift, a control chart mechanism is used. It is assumed here that there is only one critical to quality (CTQ) characteristic. The upper specification limits, lower specification limit (LSL) and target value are known. Consider an X X-chart with standard deviation p known and constant. With the occurrence of failure the process average shifts by an amount p . Let the control chart be characterized by an upper control limit (UCL), lower control limit (LCL), sample size (n) and time between two samples (TBS). As the process mean shifts, more number of products get rejected as compared to normal operation. This shift will be detected by the control chart after a time lag. The average number of samples required to detect the shift (average run length) is given by:
The probability of not detecting this shift (''B'' error, type II error) on the each of the subsequent samples is expressed as (Montgomery, 2001) :
Since x x $ N ð; p = ffiffiffi n p Þ, and the UCL and LCL for a 3 control chart are
, we may write Equation (8) as:
where F denotes the standard normal cumulative distribution function. This reduces to:
In the present study it is assumed that the process capability of the in-control process is 1 (i.e. the process is centred and USL and LSL are at AE3 p ). Thus the proportion of conforming units due to shift will be:
This reduces to:
The expected numbers of unit produced during out-of-control state ðN outÀof Àcontrol Þ is given by:
Expected number of defective units produced during out-of-control state will be:
Hence, the expected cost of rejection will be:
Thus the expected total cost of model M1 can now be expressed as:
It may be noted that the cost of rejection has been included in the total cost separately and not integrated into the optimal maintenance interval calculation. Model 2 (M2). Expected total cost model based on integrating rejection cost in the optimal maintenance model.
In model M2, failure of machine is categorized in two failure consequences, i.e. FC1 and FC2. FC1 denotes a failure that results into immediate stoppage of the machine and FC2 denotes a failure where machine continues to operate but there is a shift in the process quality characteristics. In this model it is assumed that these failures consequences are independent and result into failures with failure times following an appropriate time to failure distribution. For a given failure, let the probability that it is due to FC1 and FC2 be P ðFC1Þ and P ðFC2Þ , respectively. Since it is assumed that these are the only failure consequence types; hence P ðFC1Þ þ P ðFC2Þ ¼ 1:
The expected cost per corrective maintenance action can now be calculated as:
Since FC1 results into a failure immediately followed by detection and repair/ replacement action, the expected corrective maintenance cost due to FC1 is:
The expected cost of corrective maintenance action due to failure consequence FC2 of the component that include the rejection cost and the cost of down time will be:
where the expected cost of rejection can be obtained using Equation (15). The expected cost per preventive maintenance action of component will be:
The expected annual total cost of maintenance action during planning period can now be calculated as:
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Thus the expected total cost of model M2 can now be expressed as:
It may be noted here that the total cost includes the rejection cost. However, unlike M1, the rejection cost has been considered by integrating it with the optimal maintenance interval model.
Numerical investigation
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Observations
For the given example, if the rejection cost of each unit is 25,000 cost units and production rate is 90 units per time unit, for models M1 and M2, the difference between expected total cost of maintenance and quality ½ðEACÞ M þQ with control chart policy P7 is 6,775,400 cost units. Similarly for rejection cost of 20,000 cost unit for the same production rate and the same policy P7 the difference is 68,969 cost units. Thus, it can be stated that at higher production rates and at lower cost of lost production, model M2 gives better result (Table II) . It is also observed that the control chart parameters also affect the performance of the maintenance policy. For example in case of policy P5 for production rate of 60, rejection cost 25,000 cost unit and cost of lost production 700 cost unit, the difference in models M1 and M2 is 376,639 cost units. While at policy P7 for the same production requirements the difference in models M1 and M2 is 2,177,311 cost units.
However, one way come across cases when there is no cost difference between M1 and M2. This may be due to the dominating effect of cost of lost production as compared to the rejection cost, resulting practically in the same preventive maintenance interval. However, cost of prevention, appraisal, false alarm, etc. that determines the optimal control chart parameters are not included. It is expected that these would have significant impact on costs. Considering multiple machines and component along with multiple CTQs and all relevant cost of quality control policy will make the model more practical, though mathematically more complex.
Managerial implication of research
The research has two significant managerial implications:
(1) In most of the cases the failure of production machines do not cause them to immediately break down but to run at a degraded performance with respect to the product quality produced from the machine. Present work allows the maintenance manager to explicitly consider the cost of rejection while optimizing the maintenance schedule. It will therefore lead towards better asset management.
(2) From a production manager point of view, it clearly indicates that the process quality control policy and maintenance schedule decisions are interdependent and may lead to significant economic benefits if considered jointly. 4,430,175 5,845,295 8,638,812 4,430,175 5,845,295 8,638,812 P2 4,283,282 5,624,956 8,308,303 4,283,282 5,624,956 8,308,303 P3 4,944,300 6,506,313 9,667,062 4,944,300 6,506,313 9,667,062 P4 4,613,791 6,065,634 9,006,044 4,613,791 6,065,634 9,006,044 P5 6,927,353 9,187,106 13,633,167 6,814,900 9,025,187 13,387,930 P6 5,531,871 7,314,223 10,842,204 5,531,871 7,314,223 10,842,204 P7 9,938,655 13,189,935 19,692,495 8,956,618 11,853,847 17,648,304 P8 7,147,692 9,480,892 14,110,569 698,8391 9,256,508 13,763,827 6. Conclusion This paper presents an approach for obtaining the optimal preventive maintenance interval by incorporating the cost of rejection. It is observed that the proposed approach gives better results compared to the conventional approaches that do not consider the cost of rejection. The effects of control chart parameters on the maintenance planning decisions are also examined. Thus the research efforts in this direction appear promising. However the benefits would be more significant when a multi-component system with multiple CTQs is considered. Therefore the paper provides an interesting research area that can be explored further to enrich the model developed as follows:
(1) The proposed approach can be further extended for a machine having n components where machine fails if any one of the n components fails. It is likely that some components will take significant amount of time to repair/replace, while others can be replaced in lesser time. Probability of failure due to type of failure consequence may vary from component to component. Thus, the cost incurred per failure will be different for different components.
(2) Another future extension of the proposed model is to consider a separate control chart for each CTQ in a component with different UCL, LCL and target values. However, the sample size and BTS will be same.
(3) Number of defects depends on the control chart parameters selected such as sample size, power of control chart, frequency of sample, etc. Deciding on these necessitates making a trade-off between prevention-appraisal-failure costs (P-A-F) (Feigenbaum, 1956) . In order to integrate the maintenance and quality policy, P-A-F model can be modified as:
Prevention cost: quality control (process control, product and process design, etc.) and preventive maintenance cost (preventive maintenance down time and repair/replacement cost).
. Appraisal cost: inspection and sampling cost.
. Failure cost: corrective maintenance cost (down time cost, repair/replacement cost and rejection cost).
. The objective of integrated maintenance and quality policy will be to make optional trade off's between different costs of modified P-A-F model so as to obtain a preventive maintenance schedule along with the control chart parameters.
It is envisaged that the study demonstrating that integration of maintenance and quality control policies presented in this paper has potential for reducing the operating costs associated with manufacturing processes and might open up new frontiers of research.
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